Introduction: Bone metastases from non-small cell lung cancer (NSCLC) are associated with skeletal-related events (SREs) and elevated levels of N-telopeptide of type I collagen (NTX) in some patients. Zoledronic acid (ZOL) reduces SRE risk and NTX levels. Methods: To assess effects of baseline variables, including NTX levels (normal ϭ NTX Ͻ 64 nmol/mmol creatinine; high ϭ NTX Ն 64 nmol/mmol creatinine), on treatment effects in NSCLC patients, a retrospective analysis was performed in NSCLC patients with bone metastases (N ϭ 382) treated with ZOL or placebo every 3 weeks in a 21-month randomized clinical trial in patients with NSCLC or other solid tumors. Cox proportional hazards models assessed relative risks (RRs) of SREs, bone lesion progression, and death. Multivariate models analyzed covariate effects on survival. Results: For both placebo-and ZOL-treated patients, high baseline NTX correlated with increased SRE risk (p ϭ 0.068 and 0.012, respectively). Although high versus normal baseline NTX correlated with more than twofold increased risks of bone lesion progression and death in the placebo group (p ϭ 0.039 and 0.001, respectively), correlations were weaker in the ZOL group (RR ϭ 1.38; p ϭ 0.0186 and RR ϭ 1.27; p ϭ 0.142, respectively), suggesting an interaction effect of ZOL and baseline NTX. Among patients with high baseline NTX, ZOL significantly reduced the RR of death by 35% versus placebo (p ϭ 0.024). Per multivariate analysis, ZOL treatment (p ϭ 0.005), higher lymphocyte count (p ϭ 0.011), performance status 0
L ung cancer is the most common cancer worldwide, 1 and non-small cell lung cancer (NSCLC) is the most prevalent form of lung cancer. 2, 3 Advanced NSCLC is often highly symptomatic, 4 and an estimated 30 to 40% of patients develop bone metastases. 5 In these patients, skeletal complications can cause considerable morbidity and may result in functional impairment and loss of mobility. Increased tumor growth in bone can result in increased tumor growth leading to potentially debilitating skeletal-related events (SREs) such as pathologic fractures and bone pain requiring palliative radiotherapy. These SREs are clinically meaningful sequelae that are associated with increased health care costs and decreased quality of life. 6 -8 Moreover, pathologic fractures have been associated with a significantly increased risk of death in patients with malignant bone disease from multiple myeloma or bone metastases from breast cancer or prostate cancer. 9, 10 Although no significant correlation was observed in patients with lung cancer or other aggressive solid tumors because of their short median time of survival in patients enrolled in the trial, the extended survival of patients in this setting with advances in primary therapies may increase the risk of death in patients who experience a pathologic fracture. Therefore, preventing SREs or delaying their onset might not only improve quality of life but also potentially extend survival.
Interactions between tumor and bone typically result in increased rates of bone metabolism, which can be detected by increases in levels of biochemical markers of bone metabolism. 11, 12 For example, serum bone-specific alkaline phosphatase (BALP) levels reflect ongoing levels of bone formation, and N-telopeptide of type I collagen (NTX) is a sensitive marker of osteolysis. 11, 12 Bone markers provide insight into the extent or aggressiveness of bone metastases. 11, 13 In an exploratory analysis of the placebo-control arms of two phase III trials of zoledronic acid, cancer patients with bone metastases and elevated NTX levels (Ն 50 nmol/mmol creatinine) were found to have approximately twofold increases in their risk of SREs and bone disease progression and an approximately three-to fivefold increased risk of death compared with patients with low NTX levels (p Ͻ 0.01 for all). 11 Similarly, compared with patients with low BALP levels, patients with elevated BALP levels on study had significant increases in their relative risks (RRs) of SREs and death. Recent bone marker assessment results during bisphosphonate treatment have also been shown to have prognostic significance. 12 Bisphosphonates are inhibitors of bone resorption used in the oncology setting for the prevention of SREs and treatment of hypercalcemia of malignancy in patients with bone metastases. Zoledronic acid (ZOMETA; Novartis Pharmaceuticals Corporation, East Hanover, NJ; Novartis Pharma AG, Basel, Switzerland) is the only bisphosphonate that has demonstrated efficacy for the prevention of SREs in patients with bone metastases from a wide range of solid tumors including breast cancer, prostate cancer, and lung cancer. 14 -17 In a phase III, multicenter, randomized, placebo-controlled trial, zoledronic acid (4 mg via 15-minute infusion every 3 weeks for up to 21 months) significantly delayed the onset and reduced the ongoing risk of SREs compared with placebo in patients with bone metastases secondary to lung cancer and other aggressive solid tumors. 15, 16 Zoledronic acid also significantly lowered NTX levels relative to baseline. 12, 16 Approximately one half of the enrolled patients had NSCLC, and their 1-year survival rate was approximately 30%. 15 However, correlations between baseline NTX levels and outcomes have not been evaluated specifically in patients with NSCLC using the currently accepted upper limit of normal for NTX levels in oncology patients (i.e., 64 nmol/mmol creatinine), and prognostic models for survival in patients with bone metastases from NSCLC are needed. Moreover, although survival was not a primary end point of this zoledronic acid study, survival was approximately 1 month longer for zoledronic acidtreated patients with NSCLC compared with placebo (not statistically significant). 15 The current analysis was initiated to investigate whether baseline bone marker levels had prognostic significance in patients with NSCLC treated with zoledronic acid in a phase III, randomized, placebo-controlled trial and whether the nonsignificant survival increase with zoledronic acid versus placebo in the overall NSCLC stratum was driven by subsets of patients who may have benefited more than others during treatment. 15, 16 
PATIENTS AND METHODS
This was a retrospective analysis of patients with NSCLC in a phase III, multicenter, randomized, placebocontrolled trial of zoledronic acid in patients with bone metastases from NSCLC or other solid tumors (not including breast or prostate cancer). 15, 16 Details of the study design have been previously published. 15, 16 A brief description is provided herein.
Patients and Treatment
Patients with documented bone metastases secondary to NSCLC or other solid tumors (excluding breast or prostate cancer) were eligible for this trial. Baseline disease characteristics, radiologic examinations, Eastern Cooperative Oncology Group (ECOG) performance status, and serum and urine chemistry values were assessed before the initiation of treatment. Patients were randomized to receive zoledronic acid (4 mg or 8 mg) or placebo via 15-minute infusion every 3 weeks for 9 months. Patients who completed this core phase were offered to continue blinded treatment for another year. The final analysis was performed at 21 months. After the study was initiated, the 8-mg zoledronic acid dose was reduced to 4 mg to ensure renal safety, and this group was thereafter referred to as the zoledronic acid 8/4-mg group. The majority of infusions in this group were administered at the 4-mg dose level, and outcomes were similar between the 4-mg and the 8/4-mg treatment arms. Therefore, both zoledronic acid groups are combined in the current analysis. Previous analyses have been performed based on the combined groups. 12 Patients with NSCLC who were treated with either zoledronic acid or placebo were included in the retrospective analysis and were also analyzed according to baseline NTX levels.
Clinical Endpoints
In the prospective trial, the proportion of patients with an SRE was the primary end point. 15, 16 The SRE composite end point is an objective measurement of clinically meaningful skeletal morbidity. 18 Survival is the primary outcome evaluated in the current analyses because this is the ultimate end point in oncology trials and is not affected by observation bias. Bone lesion progression was also evaluated because it is a variable that has been correlated with bone marker level increases, 19 although this end point was limited by the frequency of radiologic assessment in the current database (approximately every 3 months during the trial). 15, 16 
Bone Markers
Baseline urinary NTX levels were assessed only in patients treated in the United States or Canada. Urinary NTX was measured by enzyme-linked immunosorbent assay, normalized to urinary creatinine, and categorized according to the following variables: low NTX, Ͻ 64 nmol/mmol creatinine; high NTX, Ն 64 nmol/mmol creatinine, based on the upper limit of normal for disease-free premenopausal women. Serum BALP levels were also measured by enzyme-linked immunosorbent assay.
Statistical Analyses
Patients with NSCLC who had baseline NTX and BALP assessments were included in the bone marker subset analyses. Cox regression models were used to assess associations between bone marker levels and outcomes (e.g., SREs, bone lesion progression, and death) and between bisphosphonate treatment and survival in patients with normal or high NTX. 20 Kaplan-Meier estimates were computed for the proportion of patients alive over time by group. 21 The cumulative probability of an on-study SRE was assessed using survivaladjusted cumulative incidence functions because of the competing risk of death. After the significant benefit of zoledronic acid in the high NTX subset was identified, a series of multivariate analyses to further investigate the effect were preplanned and then executed.
Multivariate regression analyses were performed to investigate the potential effects of baseline characteristics and treatment effects on survival. For parameters without an established cut-off value (e.g., the upper limit of normal), either the median for the specific population in the model was used or the parameter was treated as a continuous variable. The baseline variables included in each of these models were treatment group (zoledronic acid 4 mg or 8/4 mg versus placebo); sex; race; cancer duration; age at study entry; weight at study entry; Functional Assessment of Cancer Therapy-General (FACT-G) total score; Brief Pain Inventory (BPI) composite pain score; SRE history (yes/no); analgesic usage (none or minor analgesics or coanalgesics versus narcotics); ECOG performance status score; predominant lesion type; NTX status (normal or high); BALP status (normal or Ն 146 U/L); and the following variables using the median (listed in parentheses for the high-NTX subset) as a cut-off value: urinary NTX level (102 nmol/mmol creatinine), serum creatinine (1 mg/dL), serum lactate dehydrogenase ([LDH] 246.5 U/L), lymphocytes (14.025%; and as a continuous variable), albumin (38 g/L; and as a continuous variable), and hemoglobin (11.7 g/dL; and as a continuous variable). All available baseline demographic and disease characteristics data were included in the univariate and full multivariate models to ensure that variables of unexpected significance were captured in the reduced model. For generation of the reduced model, the initial full model included only patients for whom there was a complete data set for all variables to minimize the confounding effect of correlated variables on the model. The majority of patients who were not included in this model were missing either NTX or BPI data.
To identify any significant interactions between treatment and each baseline variable, multivariate models were generated using the treatment group, the respective baseline prognostic variable, and their interaction term. The multivariate model included all baseline variables, and a reduced model was generated by backward elimination until only significant variables remained in the model; variables were considered significant if p Ͻ 0.05.
RESULTS

Baseline Characteristics for Patients with NSCLC
In the phase III trial of zoledronic acid in patients with lung cancer or other solid tumors, 382 patients with NSCLC were randomized to zoledronic acid (n ϭ 259) or placebo (n ϭ 123) (Table 1) . 15, 16 Patient demographics and baseline disease characteristics were similar between the treatment groups. A total of 263 patients had baseline NTX assessments, and 144 (55%) had high baseline NTX levels. This subset had a lower median time from the diagnosis of bone metastases to study entry compared with the overall population. 
Baseline NTX Levels and Risks of Clinical Events
Among 80 patients in the placebo group who had baseline NTX assessments, 42 (53%) had high levels. High NTX was associated with a nonsignificant increased risk of SREs (RR ϭ 1.64; p ϭ 0.068) and a first SRE (RR ϭ 1.49; p ϭ 0.225) compared with normal baseline NTX (Fig. 1A) . Patients with high baseline NTX levels were at a significantly increased risk of bone lesion progression (RR ϭ 2.15; p ϭ 0.039) and death (RR ϭ 2.39; p ϭ 0.001) compared with the subset of placebo-group patients who had normal baseline NTX levels.
Among the 183 zoledronic acid-treated patients with baseline NTX assessments, 102 (56%) had high levels. In the zoledronic acid group, patients with high baseline NTX had a significant 81% increased risk of any SRE (RR ϭ 1.81; p ϭ 0.012) and a trend toward an increased risk of a first SRE (RR ϭ 1.30; p ϭ 0.287) compared with patients with normal NTX at baseline. In contrast with the results in the single placebo group, high baseline NTX was not associated with significant increases in the risks of bone lesion progression or death among zoledronic acid-treated patients (p ϭ 0.186 and 0.142, respectively; Fig. 1B) , despite the larger sample size that resulted from combining the two treatment groups.
Skeletal Morbidity and Overall Survival
Among all patients with NSCLC, zoledronic acid significantly reduced the risk of a first on-study SRE versus placebo (p ϭ 0.028; Fig. 2 ). Andersen-Gill multiple event analysis, which accounts for all SREs and for the timing of SREs, revealed a significant 38% reduction in the risk of developing SREs for the zoledronic acid groups compared with the placebo group (RR ϭ 0.62; p Յ 0.001). There were no significant differences in time to bone lesion progression between groups. Radiologic assessments mandated by the study, however, were only performed approximately every 3 months unless clinically indicated.
Median
Based on the observations regarding survival and the weaker prognostic significance of high baseline NTX levels among patients who were treated with zoledronic acid versus placebo, the effects of baseline NTX levels on zoledronic acid treatment benefits were examined.
Analysis by N-Telopeptide Level in Patients with NSCLC
Subset analyses were performed on the 262 patients who had baseline NTX assessments. Statistical heterogeneity for the treatment effect of zoledronic acid on survival between the high and low NTX groups was detected (p ϭ 0.018), suggesting that these two groups were different and that inferences regarding possible treatment effects should be made separately for them. In the group of 118 patients who had normal baseline NTX levels, the Kaplan-Meier survival curves (Fig. 3A) and risk of death were similar for the zoledronic acid-treatment groups compared with placebo (RR ϭ 1.326; p ϭ 0.223). In contrast, among the 144 patients with high baseline NTX levels, zoledronic acid and placebo groups had significantly different Kaplan-Meier survival curves (Fig. 3B) , and zoledronic acid significantly reduced the risk of death by 35% compared with placebo (RR ϭ 0.652; p ϭ 0.025). Further assessments were performed on the high-NTX subset to investigate factors that might have contributed to the survival differences between the zoledronic acid and placebo groups.
In the high-NTX subgroup, the majority of patients (85%) in both the treatment and placebo groups had an ECOG performance status of 0 or 1, approximately one half of the patients were Ն 65 years of age, and characteristics were well balanced between the treatment groups (Table 1) . 15, 16 Moreover, the percentage of patients receiving concomitant chemotherapy was similar between patients who had high NTX levels and the overall patient population in each treatment group. Approximately 80% of all patients receiving zoledronic acid and patients with elevated NTX levels receiving zoledronic acid also received chemotherapy. Similarly, 76% of all placebo-treated patients and placebo-treated patients with elevated NTX levels were receiving chemotherapy. 
Analysis of Baseline Covariates and Treatment Effects on Survival (Overall)
For the overall population of patients with NSCLC and bone marker assessments, 12 baseline variables were found to significantly correlate with improved survival in univariate models: high FACT-G total score; lower BPI composite pain score; female sex; no baseline requirement for narcotic pain medication; ECOG performance status of 0 or 1; normal NTX status; normal BALP status; serum creatinine Ͻ 1.0 mg/dL; absolute lymphocyte count; and serum glutamic-oxaloacetic transaminase, albumin, and LDH below the median value. However, after adjustment in a multivariate model, NTX and BALP status and levels of creatinine, serum glutamic-oxaloacetic transaminase, and lymphocytes decreased in prognostic significance, and treatment with zoledronic acid showed a trend toward a survival benefit compared with placebo (RR ϭ 0.765; p ϭ 0.103).
The effects of baseline covariates on the association between treatment groups and survival were assessed in two multivariate models ( Table 2 ). The first of these included all patients with information for each of the respective baseline variables (the number of patients contributing to these analyses differs depending on variable), and the second included only patients with a complete set of data for every variable (n ϭ 244). In both models, survival benefits with zoledronic acid treatment significantly varied by race, ECOG performance status, and baseline NTX level variables. In the second analysis, baseline LDH status emerged as a covariable that profoundly affected the survival benefit. In a reduced multivariate model involving patients with complete data (n ϭ 244), adjusting for the effects of FACT-G total score, nar- cotics use, ECOG performance status, SRE history, baseline lymphocyte, and baseline albumin levels, baseline LDH level significantly influenced the survival effect of zoledronic acid (p ϭ 0.005 for LDH above versus below the median value [e.g., the test of treatment benefit by covariate interaction]). Zoledronic acid produced an approximately 2.4-fold decrease in risk of death versus placebo in patients with elevated LDH (p ϭ 0.0015), and a nonsignificant 4.3% increase in the low LDH patients (p ϭ 0.823). In the reduced multivariate model investigating the effects of LDH level on treatment benefits, only FACT-G score, narcotics use, ECOG performance status, prior SRE, baseline lymphocyte, and albumin levels were significant covariates for a survival effect of zoledronic acid, whereas NTX was not a significant covariate.
Analysis of Baseline Covariates and Treatment Effects on Survival (High NTX)
In univariate models in the high-NTX subset, the following covariates significantly correlated with improved survival: treatment with zoledronic acid versus placebo, higher FACT-G total score, no baseline requirement for narcotic pain medication, ECOG performance status of 0 or 1, and higher than the median lymphocyte level (Table 3) . However, after adjustment in a multivariate model, only treatment with zoledronic acid versus placebo, higher FACT-G total score, and no requirement for narcotic pain medication remained significant. The reduced multivariate model showed that zoledronic acid was associated with a statistically significant 43% reduction in the risk of death compared with placebo (RR ϭ 0.565; p ϭ 0.0047). Therefore, this multivariate model confirmed the survival benefit for zoledronic acid versus placebo that was observed in the initial analyses in the high-NTX subset.
Similar to the analyses performed in the overall population of patients with NSCLC, the effects of baseline covariates on the survival benefit of zoledronic acid were analyzed in two multivariate models in the high baseline-NTX subset (Table 4) . In both models, survival effects from treatment were found to vary significantly based on age, race, serum LDH level, and NTX level relative to the median for the high-NTX group (102.0 nmol/mmol creatinine). The survival benefit in patients treated with zoledronic acid was greatest among patients with a shorter time since their primary cancer diagnosis, younger age, and less profound NTX elevations.
The current analysis was designed to investigate differences in treatment effects based on patients' bone marker levels; however, other significant covariates for treatment effects were identified, including race, performance status, and LDH level. Further analyses are underway to investigate how the significant covariates associated with improved survival with zoledronic acid treatment versus placebo interact, especially in regard to LDH status.
DISCUSSION
Zoledronic acid is the only bisphosphonate to be appropriately evaluated in the treatment of both osteolytic and osteoblastic bone metastases secondary to a broad range of tumors, including NSCLC, and has been shown to significantly reduce the incidence and rate of skeletal complications. 15, 16 In addition to prevention of SREs and palliative effects on bone pain, [22] [23] [24] the analyses presented herein sug- gest that zoledronic acid may offer additional benefits in NSCLC patients who have high NTX levels at baseline.
In the current analysis, zoledronic acid treatment was associated with significantly improved survival compared with placebo in patients with high baseline NTX, whereas survival was comparable between groups in the low-NTX subset. Although the reasons for this are not clear, it is possible that patients with high NTX may have an especially responsive pathophysiology in bone or more likely may have a greater propensity to benefit from early therapy because of their initial higher risk status for potentially life-limiting SREs. This is consistent with the large-scale correlative report of bone marker levels and outcomes in patients with solid tumors (including NSCLC) published by Brown et al. 12 in which recent bone marker assessments were found to better correlate with risk of SREs and death compared with baseline levels. Moreover, in a recent report in the breast cancer setting, patients with high baseline NTX levels that normalized during zoledronic acid treatment were reported to have longer survival compared with patients whose NTX levels remained persistently elevated. 25 Conversely, patients with normal NTX at baseline are at a lower risk for SREs, and their clinical course and survival prospects are more likely to be driven by extraskeletal disease.
Although the current analyses were exploratory in nature, reduced mortality in zoledronic acid-treated patients versus those who received placebo could be the result of multiple effects that have been reported in previous clinical trials and preclinical assessments. For example, zoledronic acid reduces the risk of potentially life-limiting SREs. 15, 16 In phase III clinical trials in which bisphosphonates have reduced the risk of SREs, survival was often longer with bisphosphonate treatment versus placebo, although these differences have seldom reached statistical significance. 26 -29 There is also preclinical evidence that zoledronic acid can impede tumor growth, both overall and within the bone microenvironment. 30 -36 The relative contributions of each of these effects to the overall survival benefit remains undetermined and may vary based on tumor type and other disease characteristics.
Although the subset of patients with NSCLC who had bone marker assessments was not a randomized cohort in these retrospective analyses, all baseline covariates were included in a complex multivariate model from which the least significant variables were removed in stepwise fashion to achieve a reduced multivariate model. In the overall population of patients with NSCLC who had bone marker assessments, multiple factors correlated with survival. However, among the patients with high NTX levels, only zoledronic acid treatment, requirement for no more than mild analgesics, good performance status, absence of severe lymphopenia, and normal LDH status correlated with improved survival. Of these variables, zoledronic acid treatment compared with placebo was associated with improved survival and constitutes the only factor that can easily be changed by the treating physician.
In the current analyses, survival benefits appeared most profound in patients with factors that were associated with less advanced disease or bone lesions (e.g., shorter cancer duration and elevated NTX that has not reached extremely high levels). Elevated LDH, a known indicator of poor prognosis in NSCLC, 37 was found to be linked not only with reduced survival but with a reduced likelihood of experiencing a survival benefit from zoledronic acid compared with placebo. These findings suggest that zoledronic acid treatment of bone metastases early during the course of disease progression may be the optimum strategy. However, it must be noted that the current indication for zoledronic acid is for the prevention of SREs from bone metastases, and all patients with bone metastases are considered at risk for SREs regardless of their overall disease state or performance status.
Currently, a phase III prospective study is ongoing to evaluate the efficacy of zoledronic acid in delaying or preventing bone metastases in patients with stage III NSCLC. The results of this trial in patients with earlier stages of cancer may underscore the importance of bone-directed therapies even in patients without established bone lesions. The current study has elevated the importance of treating bone metastases in patients with high-risk disease.
